Abstract-A bandwidth-enhanced, compact, single-feed, lowprofile, multilayered, circularly polarized (CP) patch antenna is presented. A corner-truncated patch is introduced as a near-field resonant parasitic element directly beneath a specially engineered radiation patch. Without sacrificing the antenna's low profile and compact size, its presence not only introduces a new pair of orthogonal near-degenerate resonant modes, but also recovers a similar pair from the cross slot of the main patch. With the aid of both circular slots and meander-line slots on these patches, the resulting three pairs of adjacent near-degenerate modes have been successfully combined with the same clockwise polarization to enhance the CP bandwidth by more than a factor of two when compared to the same-height conventional single-layer patch antennas. Measured results are in good agreement with their simulated values and demonstrate that the reported antenna is low-profile: 0.016 λ 0 , achieves a -10-dB impedance bandwidth of ∼4.6%, and a 3-dB axial-ratio bandwidth of about 2.33% along with realized gains of 4.5 ± 0.15 dBi, throughout that bandwidth. Analyses of the current distributions are used to explain the contributions of the parasitic patch, and further simulation studies validate our design guidelines and show its advantages.
valued because their configurations are inherently simpler. Nevertheless, most reported single-feed CP patch antennas suffer from an inherent, very narrow axial-ratio (AR) bandwidth. This aspect severely limits their widespread application [1] [2] [3] [4] . A popular and effective method to improve their AR bandwidths is to introduce additional parasitic patches [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Unfortunately, their presence also has some inescapable drawbacks. For instance, vertically stacking one or more parasitic patches with similar configurations has the desired effects, but it also significantly increases the antenna's total height [5] [6] [7] [8] [9] [10] [11] [12] [13] . On the other hand, adding parasitic patches around the main radiating patch on the same layer requires much more area than the main patch [13] , [14] .
In this letter, a square corner-truncated, near-field resonant parasitic (NFRP) patch is placed directly beneath a specially engineered single-feed radiation patch to improve the AR bandwidth, while achieving very good impedance matching and maintaining its low profile. It is demonstrated that the presence of this NFRP patch not only introduces a new pair of orthogonal near-degenerate resonant modes, but also recovers a similar pair from the cross slot introduced into the radiating patch. At the same time, it improves the performance of the original pair of near-degenerate modes from the corner cuts of that patch. It will be shown that by introducing both circular slots and meander-line slots on these patches, three pairs of adjacent near-degenerate modes with the same clockwise polarization successfully combine to produce twice the CP bandwidth when compared to conventional patch antennas of the same height [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] without sacrificing the compact size advantages. Simulation results are compared to the measurements of a fabricated prototype; very good agreement is demonstrated. The measured results show that the reported antenna is low profile: 0.016 λ 0 (λ 0 being the wavelength corresponding to its centered operating frequency), achieves a 4.6% impedance bandwidth for |S 11 | < −10 dB and a 2.33% 3-dB AR bandwidth, and produces a realized gain level over 4.3 dBi within the 3-dB AR bandwidth. Analyses of the current distributions and design process are used to explain the contributions of the NFRP patch.
Note that all of the numerical simulations and their optimizations were performed using the frequency-domain ANSYS/Ansoft High Frequency Structure Simulator, version 13.0 [15] .
II. ANTENNA DESIGN
The geometry of the proposed antenna is illustrated in Fig. 1 . The optimized design parameters are given in Table I . This 
antenna was designed for fabrication with printed circuit board technology. Two pieces of planar copper-cladded Rogers 4350B substrates whose relative dielectric constant ε r = 3.48, loss tangent tan δ = 0.0038, and 0.5 oz (17 μm) thick copper film, were utilized. These two components have the same dimensions: Fig.  1(a) . The design is simple and yields a compact configuration.
As shown in Fig. 1(b) , a specially engineered patch serves as the main radiator. Its transverse size is L 1 × W 1 . It is etched on the top of the upper substrate piece and is connected directly and perpendicularly to the center probe of an SMA connector (whose radius is 0.6 mm). Two same-sized corner cuts lie along one diagonal. They have the ability to excite a pair of two neardegenerate orthogonal modes that give rise to one CP radiation mode [1] , [2] . Additionally, a cross slot is also etched in the center of this patch to achieve another CP mode [16] . However, without any further modifications, only one CP radiation mode can be excited for such a coax-fed design, even though both features exist in the same radiating patch. This phenomenon will be illustrated in Section IV. Moreover, three slots are cut from the opposite edges of the patch along the y-axis to form two meander-line features. Their presence allows one to reduce the size of the patch and to adjust the resulting AR values. Furthermore, two additional circular slots with radius R 1 are etched along the other diagonal of this top patch to further optimize its CP performance.
The second patch is shown in Fig. 1(c) . It is etched directly under the top patch on the lower face of the top substrate piece. It has a different size, L 9 × W 7 , but it also has a configuration similar to the main patch. It serves as an NFRP element [17] . While it also has two same-sized corner cuts along the same diagonal as the radiating patch, it introduces another CP mode because of its slightly different size. In addition, two circular slots are etched with radius R 2 from this NFRP patch directly beneath the slots on the upper face and centered on them. They allow further adjustments of the overall CP performance. Finally, yet another circular slot is etched on the NFRP patch with a radius R 3 , which is large enough for the SMA probe to pass through it without any contact.
The bottom substrate piece is the largest component. It is square with size: L g × W g . Its bottom face is entirely copper; it acts as the ground plane for this antenna. The copper was removed from its top face. The bottom face has a circular slot etched from it whose radius R = 2 mm is identical to the radius of the outer conductor of the coax.
III. SIMULATED AND MEASURED RESULTS
The radiation performance characteristics of the proposed antenna were investigated numerically and experimentally. As shown in Fig. 2 , the components of a prototype of the optimized antenna were fabricated and assembled. The reflection coefficients are presented as a function of the excitation frequency, together with their simulated values, in Fig. 2(a) . It is clear that the presence of the NFRP element produces several resonant modes, which in turn produce an improvement of the impedance bandwidth. In particular, the simulated -10-dB bandwidth was from 1.578 to 1.645 GHz (∼4.1% fractional bandwidth), while the measured bandwidth was from 1.566 to 1.639 GHz (∼4.6% fractional bandwidth). The measured center of the operational frequencies witnessed only a 9.0-MHz red shift (∼0.56%) from its simulated value.
The pattern and AR measurements were carried out in an anechoic chamber at the University of Electronic Science and Technology of China. The measured and simulated AR values at boresight are shown in Fig. 2(b) as functions of the source frequency. It is readily seen that the measured (simulated) AR values are lower than 3 dB in the frequency range from 1.572 (1.588) to 1.609 (1.621) GHz. Thus, the antenna has a measured (simulated) 37-MHz (33-MHz) AR bandwidth, which is approximately a 2.33% (2.08%) fractional AR bandwidth. This AR bandwidth is enhanced by more than a factor of two when compared to the value obtained from a same-sized conventional patch antenna. Within this range, three adjacent CP radiation modes can be easily observed at 1.577 GHz (1.591 GHz), 1.588 GHz (1.606 GHz), and 1.606 GHz (1.619 GHz), respectively. Moreover, the 3-dB AR beamwidths are stable and cover more than -60°to +60°over its 3-dB AR bandwidth. Note that the measured AR results are slightly above 3 dB in a very small region around 1.599 GHz. Also note that when the measured AR values are larger than 20 dB, the SATIMO system software deems them to be equal to 20 dB and, thus, they are not plotted in Fig. 2(b) . The measured and simulated radiation patterns at the center minimum AR value frequency point are presented in Fig. 2(c) . It is observed that the antenna operates in right-handed CP (RHCP) with stable radiation patterns.
The measured (simulated) boresight realized gains are, respectively, 4.63 (4.170), 4.51 (5.84), and 4.37 (4.40) dBi, at the three AR min frequency points: 1.591 (1.577), 1.606 (1.588), and 1.619 (1.606) GHz. Moreover, the measured (simulated) half-power beamwidths are approximately 87°over the entire operational 3-dB AR bandwidth. These values demonstrate that the measured CP prototype antenna radiates efficiently with a stable gain performance.
IV. OPERATIONAL MECHANISMS
To explain the operational mechanisms of this CP antenna, the current distributions on the upper surfaces of its top patch and the NFRP patch were investigated. They are illustrated in Fig. 3 over a period corresponding to the frequency of each of the three minimum AR values. The effective directions of these surface currents are highlighted with additional red (referring to the top patch) and blue (referring to the NFRP patch) arrows. It is clear at each frequency point that the surface currents on both patches exhibit the same RHCP performance, but are 180°out of phase with each other.
To understand how the NFRP patch improves the CP bandwidth of the system, the AR values as functions of the source frequency are compared in Fig. 4 for several different designs. Ant. I and Ant. II are single-layer square patch antennas, respectively, with an etched pair of corner cuts and one cross slot. As Fig. 4(a) indicates, both are large enough to obtain CP radiation (AR ࣘ 3 dB) from two near-degenerate orthogonal modes that produce electric field components of comparable magnitudes and quadrature phase difference [1] , [2] . However, when both the cross slot and the corner cuts are etched directly on the same patch (Ant. III), one cannot take advantage of both effects simultaneously to generate two independent CP modes. Their mutual presence prevents the requisite currents from forming. As a result, only a single CP radiation mode is observed in Fig. 4(a) .
In order to obtain the desired simultaneous presence of two or more CP radiation modes on the radiating patch and, hence, to enhance its AR bandwidth, one has to introduce a second structure that can be tailored to control the associated current flows. The NFRP patch plays this role. A dual-layer version with a simple square NFRP patch, Ant. IV, confirms that its presence does redistribute the current paths on the radiating patch to facilitate the reappearance of the ghost CP mode. As its AR values show in Fig. 4(a) , Ant. IV has two CP radiation modes; they are centered at 1.588 and 1.618 GHz. The mutual capacitance between both patches allows further tuning of the resonance frequencies [16] .
Parameter studies show that when the corner-cut lengths ΔS 1 in the upper patch of Ant. IV are increased, the higher AR min frequency exhibits a blue shift, while the lower AR min frequency remains unchanged. On the other hand, when only the total cross-slot size L 6 is increased, the lower AR min frequency experiences a red shift, while the higher AR min frequency remains the same. Finally, to further tune those resonance frequencies and to introduce yet another CP radiation mode between them, additional perturbations-two corner cuts-are introduced on the NFRP patch of Ant. V. Fig. 4(b) shows that as the length of those corner cuts ΔS 2 is increased, the AR values of Ant. IV are transformed into those of the optimized Ant. V design. The third mode appears between the other two when the cuts are large enough; its AR min value is then tailored with further fine tuning to yield the desired third CP mode. As Fig. 4(a) and (b) summarizes, the overlap of all three adjacent CP radiation modes produces the measured (simulated) enhanced CP bandwidth.
As noted initially, our NFRP CP design strategy not only improves the AR bandwidth, but also maintains the total height and compact size of the resulting antennas. When these characteristics are compared to those of the many single-feed CP antennas reported in the literature, our designs offer distinct advantages, particularly with their enhanced AR bandwidths. Fig. 5 is provided to emphasize these comparisons of antenna height and AR bandwidth in a comprehensive manner. Several additional antenna-height designs are included that were obtained and optimized with our strategy in order to make these comparisons fair. It is clearly observed that our antennas have wider AR bandwidths than most of the referenced comparison antennas of the same height [5] [6] [7] [8] [9] [10] [11] [12] , [18] . One exception is the approach in which parasitic patches are added around the main radiating patch on the same layer [13] , [14] . Nevertheless, with these additional radiating elements, the entire area of those systems is five times larger than ours. Furthermore, the curves in Fig. 5 indicate that our design strategy is much more suitable in general to obtain AR bandwidth enhancement for ultralow-profile CP antennas, especially when the total height h is < 0.05 λ 0 .
V. CONCLUSION
A compact, bandwidth-enhanced, low-profile, single-feed, multilayered, CP patch antenna was reported. The main attributes of the design were the presence of meander-line and circular slot features on the corner cut and slot-modified top patch and the introduction of a NFRP patch modified with corner cuts and circular slots. The introduction of all these features led to an AR bandwidth more than twice as large as similar-sized conventional patch antennas. The antenna's low profile, 0.016 λ 0 , and compact physical size were not sacrificed to achieve this enhancement. Measured results, in good agreement with their simulated values, indicate that the reported antenna achieved a 4.6% fractional -10-dB impedance bandwidth and a 2.33% 3-dB AR bandwidth, and produces a realized gain level over 4.3 dBi within the 3-dB AR bandwidth. The antenna itself could have future global positioning system (GPS) applications. Moreover, the presented design principles can lead to improvements in current CP patch antennas and those being considered for future wireless applications.
